The atrioventricular (AV) node responds in a complex fashion to changes in activation rate. A variety of approaches have been used to explain these dynamic AV nodal responses, but none has been able to account fully for AV nodal behavior. Three specific rate-dependent properties of the AV node have been described: 1) time-dependent recovery after excitation, 2) an effect of short cycles to advance recovery ("facilitation"), and 3) a gradual slowing of conduction in response to sustained, high-frequency activation ("fatigue"). We hypothesized that a model incorporating quantitative descriptors of all three processes might be able to account for a wide variety of AV nodal behaviors. Quantitative descriptors of AV nodal recovery, facilitation, and fatigue were developed based on AV nodal conduction changes during selective pacing protocols in seven autonomically blocked dogs. These descriptors were incorporated into a set of mathematical equations that define AV nodal conduction of any beat based on activation history. The equations were then applied to predict pacing-induced Wenckebach periodicity in each dog. Experimental data were obtained after nine to 19 step decreases in atrial cycle length into the Wenckebach zone in each animal. Observed behaviors included complex patterns of block, a progressive increase in the level of block over 5 minutes of rapid pacing, and periods of alternating patterns of block. The model accurately predicted the onset of AV block at each cycle length, the relation between conduction ratio and cycle length as a function of time, and the changing patterns of Wenckebach periodicity during sustained atrial pacing. All three terms of the model equation (describing recovery, facilitation, and fatigue) were essential to account fully for the observed behaviors. Elimination of AV nodal fatigue from the model resulted in failure to account for time-dependent changes in Wenckebach patterns, whereas exclusion of facilitation led to consistent overestimation of the degree of AV block at each cycle length. We conclude that a mathematical model incorporating terms to describe recovery, facilitation, and fatigue accurately predicts a wide range of Wenckebach-type behavior and that complex conduction patterns of the AV node can be fully accounted for by simple functional AV nodal properties. (Circulation Research 1991;68:1280-1293 Preliminary results from this study have been presented in abstract form (JAm Coll Cardiol 1990;15:201A 
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T he atrioventricular (AV) node is the conducting link between the atria and the ventricles and subserves an important filtering function by virtue of its rate-dependent properties. A characteristic feature of AV nodal function is the diversity of responses observed during different atrial stimulation sequences. These include conduction slowing of single premature atrial impulses,1 variable conduction responses to accelerations in rate,23 and different patterns of conduction block seen during Wenckebach periodicity. [4] [5] [6] [7] Several mathematical models of AV nodal conduction have been described. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] However, no single model has yet satisfactorily explained the wide variety of possible AV nodal behavior. For example, the assumptions used to explain one type of behavior such as Wenckebach-type AV block may not correctly account for normal patterns of anterograde conduction of premature atrial impulses13 or may fail to explain time-dependent changes in the pattern of second-degree AV block6,7,14-20 that are observed with prolonged atrial stimulation in humans.7 Moreover, experimental confirmation of theoretical predictions is often lacking13-15 '19 or based on stimulation sequences that are closely related to the original manner in which the model was constructed. 8 There is general agreement that the rate dependence of AV nodal conduction is due to at least two different phenomena. The first, termed AV nodal recovery, describes the progressive delay in AV conduction as single atrial impulses penetrate the AV node more prematurely.' The second appears during prolonged stimulation at faster rates, resulting in gradual prolongation of AV nodal conduction time independently of changes in recovery interval.' This process, termed fatigue by Lewis and Master,' has been characterized more recently by Billette and coworkers,21 who found that its onset and dissipation follow a slow, symmetrical time course. A third rate-dependent phenomenon has also been described. Atrial impulses at premature recovery (HA) intervals show less conduction slowing when preceded by a premature atrial activation.1 '22 This process, termed facilitation, reaches steady state after one cycle at a new rate22 and leads to a parallel shift of the recovery curve toward shorter recovery intervals. 23 In addition to these intrinsic AV nodal properties, tachycardias may also cause reflex changes in autonomic tone that alter AV nodal properties over time. 24 The relation between individual functional AV nodal properties (like recovery, facilitation, and fatigue) and complex AV nodal conduction patterns is unclear. Wenckebach periodicity can be explained by the recovery properties of the AV node,5-7 and the AV nodal recovery curve obtained by studying the response to single electrically induced premature beats can be used to predict complex AV conduction patterns.7 However, the AV nodal recovery curve itself is altered by changes in rate,7'18,21,22 and predicted conduction patterns depend strongly on the rate at which the recovery curve is obtained.7 Furthermore, conduction patterns do not remain stable after the onset of Wenckebach periodicity at a given rate, but continue to change over the subsequent several minutes,7 a finding that cannot be explained by a simple recovery model. It is therefore uncertain whether the many rate-dependent behaviors of the AV node can be accounted for on the basis of simple underlying functional AV nodal properties. Although models based on recovery properties alone are not sufficient to explain such behaviors, this failure may be due to the lack of consideration of other properties such as facilitation and fatigue.
If complex AV nodal responses resulting from rate change can be attributed to underlying functional properties, a mathematical model incorporating these properties and their interdependence should be able to predict a priori these complex patterns of AV nodal responses. The purpose of the present study 'was threefold: 1) to develop a mathematical model capable of predicting AV nodal conduction time on a single-beat basis by incorporating quantitative indexes of AV nodal recovery, facilitation, and fatigue; 2) to determine experimentally the parameters of this model; and 3) to apply this model to a situation in which AV nodal conduction changes on a beat-to-beat basis. For the last purpose, we selected second-degree AV nodal block (Wenckebach-type) occurring after an abrupt increase in atrial rate.
Materials and Methods Finite Difference Equation Model for the AV Node
Previous studies of AV nodal conduction have shown that AV nodal conduction time is a function of the preceding recovery (VA or HA) interval, so the longer the recovery interval, the shorter the conduction time. This relation, called the AV nodal recovery curve, is well described by either hyperbolic2526 or exponential7,8,25,27,28 functions. Because the exponential function is more convenient mathematically and provides excellent fits to the experimental data, we use it in the computations that follow. In the simplest case, the AV nodal recovery curve is AV=a+/, exp(-VA/rrec)
where a, 13, and Trec are constant and VA is any recovery interval that exceeds the effective refractory period of the AV node (AVERP). It was first recognized by Mobitz,5 and subsequently by many others, that once the AV nodal recovery curve is known it is possible to predict the effects of periodic stimulation by using an iterative process. However, assuming a static AV nodal recovery curve does not incorporate known time-dependent changes in AV nodal properties.
To describe the theoretical model given any stimulation history the following notation is convenient. Let us assume that each atrial impulse is conducted. Then the time interval from the nth atrial activation to the following ventricular activation is called AVn, We therefore assume that for any beat n a=AVmin+ S, (4) where AVmin is the AV conduction time after full recovery in the absence of fatigue, and Sn is given by Sn=Sn-lexp(-AAn-,/rfat)+ y exp(-VAn-l/rfat) (5) Equations 2-5 constitute the mathematical model of the AV node in this paper. Once the parameters are determined it is possible to compute the AV node dynamics for any stimulation protocol.
Block of atrial impulses occurs when the recovery interval of a beat in question is less than AVERP. However, the AVERP was difficult to determine using the extrastimulus technique, since the atrial refractory period was often greater than the AVERP. When an impulse failed to conduct, the nonconducted cycle length was added to the recovery interval of the next atrial input (i.e., an increased AV nodal recovery time was assumed to follow nonconducted atrial activations). In addition, only conducted atrial impulses were used to calculate AAk2 during calculations of P with Equation 3. Thus, during constant rate atrial pacing, the term AAn,2 equals the pacing cycle length for all beats except for the second beat following a blocked beat, for which a value equaling twice the pacing cycle length was used. All atrial activations were assumed to contribute to AV nodal fatigue, whether or not they were conducted. Experimental Methods General methods. Seven mongrel dogs were anesthetized with 100 mg/kg i.v. a-chloralose and 2 mg/kg s.c. morphine. Femoral arterial and venous catheters were inserted and were kept patent with heparinized isotonic saline solution. Endotracheal tubes were inserted for mechanical ventilation via an animal respirator (Harvard Apparatus, South Natick, Mass.). Respiratory parameters were adjusted to ensure adequate oxygenation (Sao2,90%) and physiological pH (7.35-7.45) . A thoracotomy was performed through the fourth right intercostal space, and the heart was suspended in a pericardial cradle. Body temperature was monitored by a thermistor within the chest cavity and was maintained at 37-38°C by a homeothermic heating blanket. Bipolar Teflon-coated stainless steel plunge electrodes were inserted into the lateral right atrium and high lateral right ventricle on either side of the atrioventricular ring and into the right atrial appendage. A bipolar electrode was inserted epicardially to record a His bundle electrogram. 29 The electrodes located in the atrial appendage and lateral right ventricle were used to record atrial and ventricular electrograms, respectively. All stimulation protocols were carried out using 4-msec rectangular impulses at twice late diastolic threshold applied through the right lateral atrial electrode. The sinus nodal region was mechanically crushed to allow for a wide range of pacing rates. 30, 31 A Statham P23 ID transducer (Statham Medical Instruments, Los Angeles), electrophysiological amplifiers (Bloom Ltd., Flying Hills, Pa.), and a paper recorder (model T-16, Siemens-Elema, Stockholm) were used to record blood pressure, six electrocardiographic limb leads, intracardiac electrograms, and stimulus artifacts.
Endogenous vagal and P-adrenergic effects were prevented to avoid changes in autonomic tone associated with mechanical ventilation and stimulation protocols. Vagal effects were prevented by surgical division of the cervical vagosympathetic trunks. This was followed by intravenous administration of 1 mg atropine to block the effects of acetylcholine released locally at the site of stimulation.32 -Blockade was produced by intravenous administration of 0.5 mg/kg nadolol.33 Repeated doses of 0.5 mg atropine and 0.25 mg/kg nadolol were administered every 2 hours. We have previously demonstrated that a-adrenergic receptor activation or blockade has no effect on AV nodal conduction or refractoriness in vivo34 and that this experimental preparation results in stable AV nodal function over time. 30, 31, 33 Experimental determination of the parameters in the model. Pacing protocols were adapted from prior published experiments.121-23,35 In each case, the lateral right atrium was paced at the basic cycle length (defined as the longest possible cycle length) for a minimum of 5 minutes before each pacing protocol. Results of these protocols were used to determine parameters defining the theoretical model. Several of the technical details are presented in the "Appendix." STEP 1: DETERMINATION OF Trec AND AVmax. Double atrial extrastimuli were delivered after every 20 basic stimuli (A1). The first or conditioning impulse (A') was equal to the basic cycle length, while the coupling interval of the second, or test, impulse (A2) was set to an initial value equal to the basic cycle length and decreased until A2 failed to conduct ( Figure 1A ). This process was repeated with seven to 11 (10+1.4, mean+SEM) different A1A' intervals per experiment, varying from a value equal to the basic cycle length to just longer than the effective refractory period of the AV conducting system.
The AV interval of test beats (A2V2) was measured and plotted versus the preceding recovery interval (V'A2) for each selected conditioning impulse. For each value of AIA', the data were fitted to the expression A2V2=a+/3 exp(-V'A2/rrec) (6) to determine a, 1B, and Trec Average values for a and Trec were determined for all A1A' curves in each experiment. The average value of rec was the value used in the model. AVm., was the maximum value of A2V2 found for short V'A2. fying the use of AV intervals as an index of AV nodal conduction time.
AV intervals were measured on-line using an analog to digital converter (model PDMA-16, Metrabyte Corp., Taunton, Mass.) coupled to a microcomputer (IBM compatible, 16 MHz) and custom-written software. Atrial and ventricular electrograms, recorded from the His bundle and ventricular electrodes, respectively, were sampled at 1 kHz. Peak positive or negative amplitude was used to determine activation times, using one criterion consistently throughout each experiment. Reproducibility of AV intervals measured by this system was +2 msec. In addition, direct comparisons between AV intervals determined manually (by using paper recordings at 200 mm/sec, accuracy of +2.5 msec) and those measured by computer were obtained during two determinations of AV nodal recovery curves in each experiment. Correlation coefficients exceeding 0.99 were found in each experiment.
Results are reported as mean+SEM. All nonlinear curve fitting was performed with Marquardt's technique and commercially available software (Statistical Graphics, Rockville, Md.). Statistical comparisons were made with Student's t test using the Bonferroni correction for multiple comparisons.37 Two When the conditioning impulse (A') is introduced prematurely (A1A'=300 and 200 msec in Figure 1 ), the relation between recovery interval and AV conduction time of test beats shifts to the left. The results of nonlinear curve-fitting using Equation 6 are displayed in Figure 1B as solid lines. Excellent fits (r>0.99) were obtained in this and all other experiments. The leftward shift of the AV nodal recovery curve by premature conditioning impulses was reflected by a progressive decrease in the y-intercept of the fitted curve. Table 1 shows average values of irrc obtained from these curve fits along with maximum AV intervals observed (AVmax) for each experiment. Figure 2) Figure 3) .
AVlnodal fatigue. Figure 2B shows the AV conduction time observed after the onset of a tachycardia with a colstant VA interval in experiment 5 Figure 5 illustrates the results of rapid atrial pacing in experiment 1 Figure 6 shows the conduction ratio (defined as the number of conducted beats divided by the number of atrial activations) after the onset of rapid pacing in experiment 6 . At each cycle length tested, a period of 1:1 AV conduction was followed by the development of Wenckebach periodicity. The degree of conduction block increased progressively in each case, with periods of alternating conduction noted at cycle lengths of 200 msec (0.75 alternating with 0.67 from beats 150 to 180) and 180 msec (0.75 alternating with 0.67 from beats 30 to 50, and 0.67 alternating with 0.5 from beats 100 to 120). The corresponding model predictions are shown to the right in Figure 6 . In each case, the model predictions correctly accounted for the development of AV block and its evolution over time. In addition, the model showed periods of alternating conduction patterns at critical cycle lengths (seen here as alternation between 0.67 and 0.5 from beats 80 to 100 at a cycle length of 180 msec). Overall, there was no tendency for alternating conduction pattern to be observed more frequently experimentally or during simulations.
The observed and predicted conduction ratios for all cycle lengths in each experiment are displayed in Figure 7 . The conduction ratios observed after 15 To evaluate the role of individual processes, model simulations were also performed after excluding terms used to represent fatigue and facilitation in the final mathematical model. Fatigue was excluded by considering a to be constant (i.e., not including the term Sn, as defined in Equations 4 and 5). Simulations without modifying a to reflect fatigue gave results identical to the initial model predictions shown as solid lines in Figure 7 . However, this approach failed to predict changing Wenckebach periodicity over time. If facilitation was also excluded (by using a constant value of ,3 as determined when A1A' equaled the basic cycle length), a model based on recovery characteristics alone resulted. Predictions arising from this model are also plotted for each experiment in Figure 7 (dotted lines) and consistently overestimated the degree of block occurring at each cycle length. Figure 8 shows the cycle length at which four common conduction patterns were observed. The mean cycle length at which 1:1 conduction disap- (Figure 9 ), statisti- Figures 5 and 6 , this type of behavior is frequently observed and is predicted by our model at critical atrial cycle lengths without a need to assume multiple levels of block. Interaction of AV nodal recovery properties and atrial rate has been used to explain Wenckebach periodicity by several investigators. Mobitz5 used iterative techniques and theoretical AV nodal recovery curves to demonstrate how second-degree AV block might result from such an interaction and others have shown that complex alternating patterns of AV block can also result, depending on the atrial rate chosen.6 Using experimental methods in dogs, Levy and coworkers16 also concluded that feedback between AV nodal output and subsequent nodal input accounted for AV nodal Wenckebach periodicity.
More recently, Shrier and coworkers7 tested this hypothesis in humans in a quantitative manner and found that a model based solely on AV nodal recovery characteristics could account for a wide variety of conduction patterns observed during second-degree AV block, including alternating and atypical sequences. However, the AV nodal recovery curve is dependent on background pacing rate,1-28 and the predictions obtained by Shrier et a17 varied substantially depending on the basic cycle length at which the recovery curve was obtained. Observations were well predicted only when the recovery curves at rapid rates, close to the cycle length for Wenckebach AV block, were used. In addition, it was noted that the degree of block during constant rate atrial pacing increased over time, a finding not explained by their model7 or by previous models of Wenckebach periodicity.5'6"14-20 The present paper is the first to incorporate time-dependent processes other than recovery into a single unified AV conduction model. The present model accurately predicts the wide range of conduction behavior observed after abrupt changes in atrial rate, including dynamic changes in Wenckebach periodicity.
The incorporation of a function describing the facilitating effects of premature atrial impulses significantly improves the accuracy of the model. This process explains why a model based on recovery characteristics alone consistently overestimates the degree of block observed experimentally and may also explain why the largest increase in conduction time typically occurs with the second atrial beat of a Wenckebach cycle.1"26 In the present model, facilitatory effects change on a beat-to-beat basis and depend on the coupling interval of the preceding conducted atrial beat. As a result, the atrial cycle length used to calculate the term f3 in Equation 3 for the second impulse after a blocked beat is equal to double the pacing cycle length, and the recovery curve for beat 2 during a Wenckebach cycle is shifted and coworkers18 that the recovery curve (plotted as AH versus HA) of beat 2 during a stable 4:3 Wenckebach pattern lies to the right of the curves of subsequent beats (see Figure 6 of Reference 18). Simson et al interpreted this observation as evidence against a model based on a positive AV nodal feedback mechanism because the AH-HA relation did not change in a predictable way. However, as shown in Figures 1 and  3 , this relation is predictable and can be incorporated into a quantitative model. The dependence of the facilitatory process on prior conducted beats is also illustrated by the fact that a model based on recovery characteristics alone was most accurate during more advanced degrees of block (see Figures 7 and 9 ). During 2:1 rhythms, the atrial cycle length used to calculate P in Equation 3 would be double the rapid pacing cycle length for every conducted beat and, therefore, similar to the cycle length at which the recovery curve was obtained. Thus, the amount of facilitation modulating the conduction of these beats would be small, and the conduction pattern would resemble predictions of a recovery model that does not consider facilitation. Although the effect of fatigue is quantitatively small and has a slow time course, the inclusion of AV nodal fatigue was essential to account for the time-dependent changes in Wenckebach periodicity that were observed experimentally.
Underlying Mechanisms
The cellular mechanisms underlying AV nodal recovery, facilitation, and fatigue have not been firmly established. AV 
Comparison With Previous Models ofAV Conduction
Several prior mathematical models of AV nodal conduction have been reported. Heethar and colleagues8 used the time course of change in AV nodal conduction during abrupt increases in atrial rate and the conduction time of four preceding atrial beats to predict the AV conduction time of random atrial impulses. They did not, however, attempt to apply their model to experimental observations of different types of AV nodal behavior. Other models have considered the AV node as a perturbed biological oscillator,9-1""17 as the site of a single step delay,12,20 or as a one-dimensional cable of excitable and electrotonically modulated elements. 19 The present description of AV nodal conduction differs from these prior models by its basis on known time-dependent AV nodal properties. Furthermore, many of these models were not tested by applying them to predict experimentally observed behaviors. [13] [14] [15] 19 Our approach differs from previous models based on iteration of the recovery curve5-7in our inclusion of a detailed mathematical treatment of the consequences of facilitation and fatigue. In a sense, this results in a generalization of the recovery curve concept so the recovery curve on which any beat lies can be defined based on previous activation history. The changing properties of AV conduction during different stimulation patterns are therefore understood as reflecting changes in the AV recovery curve on a beat-to-beat basis, as defined by the system of model equations (Equations 2-5). This is consistent with the observations of Billette et al,49 who noted that AV intervals occurring during diverse atrial stimulation sequences fall within a narrow crescent-shaped zone when plotted versus their preceding VA intervals.
Significance of the Present Study
The present study suggests that intricate behaviors of the AV node can be understood if three functional AV nodal properties are considered. It does not, of course, provide proof for the fundamental nature of these properties. Our equations characterizing the rate-dependent properties of the AV node are certainly not a unique solution, and other systems of equations may well exist that predict the same responses. Nonetheless, this work indicates that these properties, described extensively in vivo and in vitro by many investigators, can accurately account for very complex observed forms of AV nodal response.
The present model is formulated in a way that can be applied to any type of atrial input pattern. We have presented preliminary evidence that a similar approach accurately predicts AV nodal conduction duction. 50 The current study used the VA and not the AA interval to define AV nodal recovery characteristics. It was not designed to test the superiority of either approach. Levy and colleagues'6 have shown that clamping the VA interval during tachycardia prevents AV nodal block at rates at which Wenckebach block is observed when AA is kept constant. This suggests that there is a causal relation between the VA interval and the succeeding AV interval and that the progressive decreases in VA interval observed during Wenckebach cycles are not purely coincidental. 16 However, these authors also showed that the AA interval also affected AV conduction independent of the VA interval (similar to how AA was used to define AV nodal facilitation in this paper). Definitive resolution of this problem will require detailed microelectrode experiments, and it may be that both AA and VA intervals contribute to the determination of AV nodal recovery under different conditions.
Conclusion
In conclusion, incorporation of three time- 
